At high magnetic fields the conductance of graphene is governed by the half-integer quantum Hall effect. By local electrostatic gating a p-n junction perpendicular to the graphene edges can be formed, along which quantum Hall channels co-propagate. It has been predicted by Tworzid lo and co-workers that if only the lowest Landau level is filled on both sides of the junction, the conductance is determined by the valley (isospin) polarization at the edges and by the width of the flake. This effect remained hidden so far due to scattering between the channels co-propagating along the p-n interface (equilibration). Here we investigate p-n junctions in encapsulated graphene with a movable p-n interface with which we are able to probe the edge-configuration of graphene flakes. We observe large quantum conductance oscillations on the order of e 2 /h which solely depend on the p-n junction position providing the first signature of isospin-defined conductance. Our experiments are underlined by quantum transport calculations.
At high magnetic fields the flow of charge carriers in graphene is restricted to quantum Hall channels moving along the edges while the bulk is insulating [1] [2] [3] . In the presence of a p-n interface the charge carriers additionally flow along the p-n junctions within the bulk [4, 5] . To produce a valley filter using quantum Hall states, a twoterminal graphene nanoribbon (GNR) with a p-n junction being smooth on the atomic scale and located perpendicular to the transport direction was suggested [6] , as sketched in Fig. 1 . If only the lowest Landau level (LLL) is occupied, the conductance is exclusively determined by the width and the chirality of the GNR in the vicinity of the p-n junction [6] . A conductance of G =2 e 2 /h corresponds to the full transmission of the spin-degenerate edge-channel of the LLL which was injected at the left contact, guided along the p-n junction and then transmitted to the right contact, as sketched in Fig. 1a . On the other hand, a value smaller than 2 e 2 /h implies a finite back-reflection, as sketched in Fig. 1b . This set-up is analogous to a spin valve [7] : an isospin valve for which the bottom and the top edges are valley polarizer and analyzer units with the p-n interface playing the role of the channel. The valley degree of freedom can be described with a two-component spinor wave function with quantization axis ν, which can be represented on the Bloch sphere, where the north-and south-pole of the sphere represent the K and K valley, respectively. In the LLL the sublattice (A or B atoms) and valley degree of freedom (K and K ) are directly coupled to each other [8] .
Since for a zigzag GNR the top (bottom) edge consists of A (B) atoms exclusively, the valley-isospin is pointing to the K (K ) valley. On the other hand, both edges of an armchair GNR consist of A and B atoms each. Thus the valley-isospin lies on the equator of the Bloch-sphere, which is a coherent superposition of the two valleys [9] .
In a perfect armchair GNR, it is the relative angle Φ between the two valley-isospins at the two opposite edges that determines the conductance through the device [6] :
where Φ depends on the number of unit cells (N ) between bottom-and top-edge of the GNR (see Supporting information). Therefore, clean samples without intervalley scattering along the p-n junction are essential to observe an isospin-dependent conductance. Similar width-dependent oscillations are as well expected for zigzag GNRs [6] . Even though considerable effort has been invested on theoretical studies [6, [10] [11] [12] , an experimental proof remains missing. The latter can be attributed to diffusive transport and lack of control over the edge structure. Here we combine a position-tunable p-n interface with non-uniform edges in a ballistic device. The idea of our experiment is illustrated in Fig. 1 , where an ideal armchair GNR with its width changing only at a single position is sketched. The valley-isospin configuration of the bottom-and top-edge in the vicinity of the p-n junction (valley-polarized along ν B and ν T respectively, plotted at the same polarity of the junction) is shown for two different situations. Depending on the exact position of the p-n junction, which can be shifted as a function of electrostatic gate-voltages [13] , the edge polarization ν T varies (while ν B remains fixed), resulting in a different conductance as shown in Fig. 1a and Fig. 1b . By moving the p-n junction we are able to locally probe the valley isospin configurations at different positions of the edge. We report on conductance oscillations appearing in the presence of a p-n junction and in the regime of the LLL. The oscillating conductance is observed to depend on the Valley-isospin-dependent conductance of a (simplified) two-terminal p-n junction at high magnetic fields. a, Charge carriers are injected to the bottomedge and guided along the p-n junction to the top-edge. If at the position of the p-n junction the relative angle between the valley-isospins at the two edges (same polarity) is equal to π, back-reflection is forbidden. The valley-isospin configuration for bottom-(black, νB) and top-edge (red, νT) is illustrated on the right-hand side. b, By moving the p-n junction to a region of the flake with a different width, the relative angle between νB and νT, which is denoted by Φ, can change. For Φ = π a non-zero back-reflection is allowed. In the experiment multiple steps are present.
position of the p-n interface and agrees with quantum transport simulations. In contrast to former studies of diffusive, two-terminal p-n junctions in graphene [14] , where the conductance is dominated by mode mixing [4] , we enter a novel regime where the conductance is dominated by valley-isospin physics. Surprisingly, even though our samples have rough edges the conductance oscillations are still large in the order of e 2 /h.
A false-color SEM image of an encapsulated graphene p-n junction device is shown in Fig. 2a .
The hBN/graphene/hBN heterostructure were assembled following the dry pick-up technique described in Ref. [15] . The full heterostructure was transferred onto a prepatterned few-layer graphene used as local bottom-gates. Standard e-beam lithography was used to define the Cr/Au side-contacts with the bottom hBN layer (70 nm in thickness) not fully etched through in order to avoid that the leads are shorted to the underneath lying bottom-gates. The graphene samples were shaped into 1.5 µm wide channels using a CHF 3 /O 2 plasma. For more details, see Supporting information. The chargecarrier mobility µ was extracted from field effect measurements yielding µ∼80 000 cm 2 V −1 s −1 . The p-n junction is formed by a global back-and a local bottom-gate (shown in Fig. 2a,b ) which allows for an independent tuning of the doping on each side of the p-n junction. With the above given device geometry, the potential profile of the p-n junction is well within the smooth limit with respect to the lengthscale of the lattice constant (see Supporting information for electrostatic simulation), a basic requirement to observe the valley-isospin dependent oscillations [6] . The position of the p-n interface x pn is adjustable due to capacitive crosstalk of the gates and is determined by the ratio of n lbg /n BG [13, 16] , where n lbg (n BG ) is the charge carrier density tuned by the local bottom-gate (global back-gate). An electrostatic simulation of x pn as a function of V BG and V lbg is shown in Fig. 2c , where lines of a constant x pn are fanning out linearly from the global charge-neutrality point (CNP). The devices show clear signatures of ballistic transport, namely Fabry-Pérot oscillations [13, [17] [18] [19] [20] [21] [22] and snake states [23, 24] , which prove the absence of inter-valley scattering within the bulk of graphene. In Fig. 2d snake states appear as magnetoconduction oscillations as a function of correlated V BG (charge carrier density) and perpendicular magnetic field B. A detailed description of the snake states can be found in Refs. [23] [24] [25] [26] . We now concentrate on the regime of small filling factors.
A conductance map at B =8 T is shown in Fig. 3a as a function of the two gate-voltages in the bipolar regime. Most prominent are the conductance oscillations on the order of e 2 /h, fanning out linearly from the common CNP. The linear dependence on the two gates implies that the conductance is determined by the position of the p-n junction (see Fig. 2c ). In Fig. 3b a linecut (orange line in Fig. 3a ) is shown as a function of B. By tuning the gates, x pn can be shifted by several tens of nanometers. The conductance oscillation fringes (dashed, black lines) remain mostly unchanged (horizontal) over a large range of B and thus depend only on x pn . With decreasing magnetic field the oscillation peaks become wider and remain visible as long as edge-states are present (see Supporting information). This is in qualitative agreement with what is expected for conductance oscillations originating from valley-isospin physics since it is the valley-isospin in the range of the magnetic length l B ∼25.6 nm/ B [T] which matters [6] . Temperature dependence of the oscillations is shown in Fig. 3c . We observe an increase of the oscillation amplitude up to the order of e 2 /h while approaching the base-temperature of 1.6 K. At high temperatures the conductance saturates close to e 2 /h as expected from equilibration of the LLL's (see Supporting information).
In summary, we see conduction oscillations with an amplitude on the order of e 2 /h, which are independent of doping and magnetic field to a wide extent, but depend on x pn . The latter suggests that the conductance is determined by the edge configuration and therefore by the local isospin configuration of the edges. At this point we emphasize that the theory of the valley-isospin oscillation is based on the fact that only the LLL is occupied, while in part of the measured gate-range Landau levels with |ν| > 2 are populated. However, at high magnetic fields higher Landau levels remain decoupled from the LLL, and consequently do not play a role in the transport, due to the smoothness of the p-n junction. This is in agreement with temperature-dependent measurements (see Supporting information), other transport experiments [3] and theoretical studies [27] .
Using Fig. 2c the oscillations can be plotted as a function of x pn as shown in Fig. 3d . This gives us information on the edge-disorder correlation length, and we deduce a characteristic spacing between peaks on the order of a few nanometers (with l B ∼9 nm). It comes as a surprise that even for edges defined by reactive ion etching, which are expected to be rough, the conductance oscillations do not fully average out [11] . This is supported by quantum transport simulations.
In the following transport simulations, we focus on armchair GNRs. For zigzag GNRs and details of the calculations, see the Supporting information. In contrast to the experiment, the exact edge-profile of the GNR is known, allowing us to draw a direct relation between the edge-profile and the conductance. We consider nonparallel edges with one side flat and one side tilted (flat regions followed by a change of the ribbon width by one row of atoms, as shown in Fig. 4a ). The resulting con- ductance G will be solely determined by the position of the p-n junction x pn . Figure 4b shows G(x pn ) for a ribbon with width W ∼40 nm at a constant magnetic field B =16 T. Note that the rather strong B (corresponding to l B ∼4.3 nm) is considered here to ensure l B W as in our experiment. If the p-n junction is tuned far away from the transition regions, where Φ is π or ±π/3, the conductance shows plateaus with 0.5 or 2 e 2 /h. However, by approaching a transition region, the conductance G(x pn ) undergoes a smooth transition between the conductance plateaus, deviating from 0.5 or 2 e 2 /h [28] . Such a regular pattern of G(x pn ), confirming the theory predicted in Ref. [6] , naturally randomizes when the considered ribbon is edge-disordered. However, oscillations with high amplitudes remain, although they become irregular, as the example in Fig. 4c shows. The distance between neighbouring peaks is on the order of the magnetic length, similar to the experiment in Fig. 3d . To qualitatively reproduce the features reported in our experiment, we consider a clean and edge-disorder-free ribbon (W ∼80 nm and L∼100 nm) with its charge carrier density individually tunable in the left (n L ) and right (n R ) region. The slope of the tilted edge is such that the chirality changes about every 2 nm, and the p-n junction shifts a few tens of nm. With a fixed magnetic field B =36 T, Fig. 4d shows a radial oscillation pattern fanning out from the common charge-neutrality point of G(n R , n L ), similar to Fig. 3a . Finally, we examine the B dependence of the conductance along the density sweep indicated by the black arrow in Fig. 4d . The horizontal fringes clearly visible in Fig. 4e indicate the independence of the conductance on B, similar to our measurement reported in Fig. 3b . Note that within the density range marked in Fig. 4d and considered in Fig. 4e , the position of the p-n junction shifts by about 30 nm, covering about 15 steps and hence 5 periods of the alternating edge chirality, well agreeing with the number of the observed fringes shown in Figs. 4d and e. The calculations on zigzag GNRs reveal comparable results as presented in Fig. 4b ,c, which are in agreement with the results expected from ideal [6] and disordered GNRs [11] .
In summary, we have shown first signatures of conductance oscillations originating from the local isospin configuration of the edges of a graphene flake. Although the edge of the flake is not controlled, the conductance is still defined by the local properties of the edges and the local width of the flake, in agreement with transport simulations. Furthermore, we can exclude that the equilibration between edge-channels at the intersection between p-n junction and the graphene edges (so called hot-spots) is responsible for the conductance oscillations (see Supporting informations). We have observed similar oscillation in more than 15 p-n and p-n-p junctions, some of them also having naturally cleaved graphene flakes [29] (presumably less edge-defects compared to reactive ion etching), and also on suspended p-n junctions (see Supporting informations). Finally, there are new techniques appearing, such as hydrogen-plasma etching [30] [31] [32] or chemical synthesis of GNRs [33] , allowing for a much better control over the edges. This could be used in further studies to draw a correlation between transport measurement and the edge of the measured samples (e.g. via atomic resolution imaging) underlining the isospin origin of these oscillations.
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Nomenclauture of zigzag and armchair GNR 15 to reduce cracking of the PMMA on hBN [2, 3] . The bottom hBN layer is not fully etched through (Fig. S1b) , since otherwise it forms a short with the underneath lying bottomgates. Finally, an etching step is required to define the device into 1.5 µm wide channels, as illustrated in Fig. S1c . Fabry-Pérot oscillations at zero magnetic field [4] [5] [6] [7] [8] [9] [10] (Fig. S2a,b) or snake states at finite magnetic field [11, 12] (Fig. S2c,d ) are signatures of ballistic transport. Ballistic transport along the p-n junction (snake states) directly implies the absence of inter-valley scattering events between the bottom-and tog-edges, an essential ingredient to observe the valleyisospin oscillations. For every set of (V BG ,V lbg ) a density profile along the x-axis (defined perpendicular to the p-n junction) can be calculated in a self-consistent way including the quantum-capacitance correction of graphene. By tuning the charge carrier densities in the two cavities of the device (n BG , n lbg ), the position of the p-n junction can be shifted as shown in Fig. S3a . In Fig. S3b x pn is plotted as a function of (V BG , V lbg ). How much the p-n junction is shifted for a given stepsize (x pn /∆V , where ∆V =const.) is not fixed throughout the whole measurement, but depends on the doping-level in the two cavities [10] , as shown in Fig. S3c,d . At high charge carrier doping, x pn /∆V is minimal (sub-nanometer scale for standard measurement parameters (∆V BG =0.1 V, ∆V lbg =0.01 V) while it increases dramatically if either of the two cavities is approaching its CNP (x pn >1 nm for standard measurement parameters).
TUNABLE POSITION OF THE P-N JUNCTION
(
QUANTUM TRANSPORT SIMULATIONS ON ARMCHAIR GNR
Conductance as a function of p-n position G(x pn ) In contrast to previous studies including quantum transport simulations [10, 11, 13 ] based on scaled graphene [14] , we used unscaled graphene. This is crucial as we want to investigate edge-effects, which would otherwise scale correspondingly as well. In order to minimize the computational load we chose small GNRs (∼40 nm in width and ∼100 nm to ∼300 nm in length) for the calculation presented in the following. The p-n junction was approximated using a linear profile varying over 5 nm. The latter revealed no qualitative change with respect to a realistic p-n junction profile (tangens-hyperbolicus varying over ∼15 nm).
The conductance though a perfect armchair GNR with a fixed number of unit cells N between the two edges and a p-n junction perpendicular to the transport direction is given
where Φ is the angle between the valley-isospin configurations of the two edges ( ν B and ν T ). In Fig. S4 the result of a quantum-transport calculation is given for a GNR with a single-atomic step at the top-edge located at x = 0. Far away from x = 0 (x pn l B ), where l B is the magnetic length given by l B = 25.6 nm/ √ B, the conductance is given by Having perfect armchair edges, it is L step which defines the distance at which the number of unit cells between bottom-and top-edge varies. Depending on the ratio of L step to l B we observe either a single plateau if there is no variation of the GNR width as shown in To complement the quantum transport calculations on armchair GNRs we performed similar calculations on zigzag GNRs as shown in Fig. S6 . Comparable to the armchair case, the conductance takes the values of 0 and 2 e 2 /h far away from the transition region as shown in Fig. S6a . This is in perfect agreement with the values expected from Theory [15] . However, in contrast to the armchair GNR the transition region in between plateaus is shorter, but remains roughly within the predicted value of ∼ l B . Upon introducing edge-disorder an oscillation of the conductance results similar to the armchair case. The faster oscillations can be attributed to the shorter transition region in between plateaus as described above. 
MIXING OF LANDAU LEVELS IN THE BIPOLAR REGIME AT B = 8 T
The theory of the valley-isospin oscillation is based on the fact that p-and n-doped regions are at their lowest Landau levels (ν = ±2, ν being the filling factor), while within the measured gate-range Landau levels with |ν| > 2 are populated. However, the conduction oscillation attributed to the valley-isospin oscillations seem to persist in regions with |ν| > 2 as shown in Fig. S7a . This suggests, that Landau levels with |ν| > 2 are decoupled from the LLL and do not play role in the transport. This is a result of the smoothness of the p-n interface, which spatially separates the Landau levels, as shown in previous publications [17, 18] . This claim is supported by the observation of a conductance which remains 1 e 2 /h in the bipolar regime, independent of the filling-factor, which is shown in Fig. S7b at elevated temperature, where the valley-isospin oscillations vanishes. This behaviour is only expected if the lowest Landau levels is decoupled from higher ones, since assuming full edge-state equilibration along the p-n interface (within the bipolar regime) the conductance is given by [16] :
where ν BG and ν lbg are the filling factors within the cavities tuned by either global back-gate or the local bottom-gate. The filling factors were calculated according to ν = (n · h)/(e · B)
where the charge carrier density (n) is calculated assuming a plate-capacitor model using a 300 nm thick SiO 2 and 70 nm thick bottom-hBN. In Fig The temperature dependence of the valley-isospin oscillations is shown in Fig. S8a . In 
LIMITING FACTORS TO PROBE THE VALLEY-ISOSPIN OSCILLATIONS
The resolution with which it is possible to resolve edge-properties depends on several factors. Here we discuss two effects, namely
• the stepsize ∆x pn , with which we shift the position of the p-n junction between two measurement-points.
• the magnetic-length. Since features smaller than the stepsize ∆x pn are washed out, it is important to tune ∆x pn with sub-atomic resolution if we want to be able to resolve the edge-properties of the GNR. However, the stepsize ∆x pn varies as a function of V BG and V lbg as shown in Fig. S3c .
For a given set of (∆V BG ,∆V lbg ), the resolution is highest at high charge carrier doping while it increases dramatically as soon as either of the cavities approaches its CNP, which can be seen in Fig. S9a . In At very low doping the graphene additionally enters an insulating state (plateau at ν = 0) which might explain as well the decrease (or even the absence) of the oscillation amplitude upon approaching a CNP. This is in contrast to the simulation where no decrease of the oscillation amplitude is observed. This is because electron-electron interaction is not taken into account, a ingredient essential for the formation of an insulating state (ν = 0 plateau). The valley-isospin oscillations were not only observed in encapsulated p-n devices, but as well in suspended p-n devices as shown in Fig. S11a . For fabrication-details of the suspended device see Ref. [6, 19] . Quantum transport calculations on scaled graphene [14] in the absence (Fig. S11b ) of bulk-disorder was performed.
HOT-SPOT EQUILIBRATION
Another effect which might give rise to a p-n junction position dependent oscillation could be the probing of equilibration hot-spots along the sample edge. These hot spots could originate from increased local disorder or chemical doping. At high magnetic field the LLL splits due to electronic interactions [20] [21] [22] , and instead of a single channel localized at zero doping two (or four) channels are formed on opposite side of the zero density region.
These channels can equilibrate at the edges of the sample, where their mixing is possible, and by moving the p-n junction the equilibration rates can change leading to conductance oscillation. However, since these channels are not positioned at zero charge carrier density any more, their position relative to the center of the p-n junction is also tuned by the magnetic field. This contradicts our finding, because the position of these oscillations remains magnetic field independent. Also in the gate-gate map such oscillations might lead to more complex, hyperbolic lines [23] , opposite to our findings, where the lines are fanning out linearly from the common CNP. Finally, our simulations reproduce the experimental findings even in the absence of electron-electron interaction and splitting of the lowest Landau level. 
The two edges are coupled via the edge-channel running along the p-n interface, which is valley degenerate [24, 25] because a smooth electrostatic potential (with respect to the lattice constant a) does not couple the valleys in the Dirac equation. Therefore in the case of N =odd (G = 0) inter-valley scattering is intrinsic for zigzag edges [26, 27] .
Conduction plateaus for armchair GNRs: 
The criterion of N mod 3 = 2 is equivalent for obtaining a metallic GNR. In contrast to the zigzag edge, the conductance alternates with 3N and the valley-isospin on both edges is a coherent superposition of the K and K' valley [28] .
